Introduction {#Sec1}
============

When the War on Cancer was announced in 1971, neoplastic disease was largely an unknown and ill-described enemy. Today, almost every common cancer has been portrayed in exquisite detail using whole-genome sequencing and various genomic analyses, providing an increasingly clear picture of their genetic aberrations.^[@CR1]^ Genomic characterization of the cancer genome is especially empowering for cancer researchers and clinicians, since the molecular mechanisms underlying the initiation and maintenance of tumorigenesis are critically dependent on the function of oncogenes (mutant, active cancer-promoting genes) and tumor suppressors (mutant, loss of function cancer-inhibiting genes).^[@CR2]^ Genetic manipulation of one or a few oncogenes in animal models is often sufficient to cause tumor relapse in vivo, implying that drugs targeting specific driver mutations will have greater specificity and less toxicity than more conventional cytotoxic therapies. This idea of precision oncology gained international attention through the development and clinical success of the tyrosine kinase inhibitor Gleevec (imatinib, STI-571) in treatment of chronic myelogenous leukemia (CML).^[@CR3]^ The availability of large genomic data sets has also allowed investigation of the effects of cancer genotypes on drug sensitivity and resistance.^[@CR4]^ Thus, the knowledge of cancer genomes has been well positioned to allow for comprehensive characterization of driver mutations in a given tumor, and serve the foundation to rationally design drug combinations to target each driver mutation in patients.

With a complete catalogue of oncogenic mutations in sight, the current stage of cancer research echoes the time when the draft of the human genome revealed, for the first time, an exhaustive list of all the coding sequences (i.e., genes) in the genome.^[@CR5],\ [@CR6]^ Nevertheless, an informative lesson learned from the Human Genome Project (HGP) is that just knowing the sequence of the genome does not immediately lead to a mechanistic understanding of the molecular program deployed by the genome to guide the development of body form and function. Recognizing this barrier between genotype and phenotype, the HGP was followed by consortium studies to map the epigenome---a term used to describe the landscape of chromatin regions containing genes and gene regulatory elements in different cell types and developmental stages.^[@CR7]^ These epigenomic studies have unraveled a much richer view of how different parts of the genome coordinate to control cell type specification and differentiation.^[@CR8]^ Similarly, studies are under way to functionally annotate the cancer epigenome.^[@CR9]^ In this perspective, we highlight recent advances in this area. We further argue that certain epigenetic changes in cancers are mechanistically linked to the activity of oncogenic mutations, and that understanding the downstream consequences of this may provide previously unsuspected and valuable targets for therapy.

The landscape of the epigenome {#Sec2}
==============================

The term of epigenome derives from the metaphor of the epigenetic landscape used by Conrad H. Waddington in the 1940s to explain the developmental pathways that a stem/progenitor cell might take toward differentiation^[@CR10]^ (Fig. [1a](#Fig1){ref-type="fig"}). Later studies showed that such cell fate plasticity is due to the selected expression of a small portion of the genes from the genome in different cellular contexts, which allows for a single genome to potentially guide the appearance of different specialized cell types in a multicellular organism.^[@CR11]^ Fig. 1**a** Schematic illustration adapted from C.H. Waddington's \"epigenetic landscape\": as development proceeds, a stem/progenitor falls down a likelihood hill toward terminal differentiation at the bottom. At the molecular level, cell fate specification and differentiation are controlled by select expression of genes in the genome. **b** The pattern of biochemical activities on the chromosome can be characterized by next-generation sequencing-based technologies. These patterns provide a comprehensive view of the epigenome

Starting from the early 1960s, studies in both prokaryotes and eukaryotes showed that gene regulation is fundamentally carried out by two types of intracellular factors.^[@CR12]^ The first are the transcription factors (TFs), which are DNA-binding proteins localized in the nucleus. The second are the *cis*-regulatory elements (CREs), which are non-coding sequences in chromatin that selectively recruit TFs through short (6--20 bps) nucleotide sequence motifs. In the eukaryotic genome, there are three major classes of CREs. The first two, called promoters and enhancers, cooperatively recruit a diverse array of TFs to activate gene expression, whereas the third class, called insulators, act as gene expression repressors by interfering with the interaction between promoters and enhancers.^[@CR13]^

The human genome encompasses 1391 TFs^[@CR14]^ and approximately a million CREs.^[@CR8]^ In principle, the different combination of these TFs and CREs active in a cell can account for the many and varied possible cell types and subtypes during development.^[@CR15]^ Over the past decade, next-generation sequencing (or high-throughput sequencing)-based techniques have enabled the determination of the global patterns of TF binding and chemical modifications of the chromatin (e.g., DNA methylation and histone acetylation/methylation) and that these differ in each cell at different stages and tissues. These patterns thus represent the epigenomic landscape, a panoramic view of the active portion of the genome^[@CR16]^ (Fig. [1b](#Fig1){ref-type="fig"}).

Oncogenes and the cancer epigenome are intertwined {#Sec3}
==================================================

Like essentially all active molecules in the cell, TFs, and CREs are both subject to the action of other regulatory molecules (Fig. [2a](#Fig2){ref-type="fig"}). In particular, the gene regulatory function of some TFs is contingent upon the activity of certain signaling receptors on the cell surface. Signaling receptor proteins are transmembrane proteins, whose extracellular domain can bind with ligands secreted from adjacent cells. The ligand-receptor binding can then trigger the intracellular domain of the receptor protein to either directly or indirectly activate of the TFs in the nucleus. TFs, in turn, cooperate with enhancers bearing their binding sites to stimulate the transcription of downstream target genes. Through this chain of interactions, these enhancers and promoters serve as signal-transducers to regulate signal-dependent gene expression, which controls context-dependent cell fate specification and differentiation in early development and maintains tissue homeostasis in adults.^[@CR15]^ Fig. 2**a** The hierarchy of signal-regulated expression of genes. Signal receptors activate distinct transcription factors through chemical modification of the latter (e.g., phosphorylation, acetylation, methylation, ubiquitination etc.). TFs bind with DNA sequence motifs in enhancers and promoters, which are associated with specific genes in the genome. **b--d** Oncogenic mutations are common among signal receptors and signal-responsive TFs, enhancers, and promoters. When the factors at the higher level of the regulatory hierarchy are mutated, those at lower levels are often mobilized to activate aberrant gene expression programs in cancer cells

In cancer, it has been noted that signaling receptors and signal-transducing TFs are frequent targets of oncogenic lesions. For example, receptors for all major signaling pathways (RTK, Notch, TGF-beta, nuclear receptors etc.) are recurrent driver mutations.^[@CR17]^ As receptors normally sit at the top of the hierarchy of gene regulatory networks (Fig. [2a](#Fig2){ref-type="fig"}), it is perhaps not surprising that oncogenic mutant receptors are generally gain of function mutations, which contribute to tumorigenesis by globally changing the gene expression profiles in the cell^[@CR18]^ (Fig. [2b](#Fig2){ref-type="fig"}). Mutant TFs are also common cancer drivers, which differ from their wild-type counterparts by activating different sets of genes or activating the same genes in different tissue types or at different developmental stages^[@CR19]^ (Fig. [2c](#Fig2){ref-type="fig"}). Finally, mutations in enhancers, promoters, and insulators disrupt the specificity of gene expression in different cell types, leading to aberrant gene regulatory activities in cancer (Fig. [2d](#Fig2){ref-type="fig"}).^[@CR20],\ [@CR21]^

Furthermore, because the cascade of signal-regulated gene expression programs relies on intercalated molecular interactions, when higher-ranking molecules in the regulatory hierarchy are mutated, no mutations are absolutely required in those at lower ranks to participate in the tumorigenic gene expression program (Figs. [2b--d](#Fig2){ref-type="fig"}). In other words, when an upstream transcriptional regulator goes awry, many seemingly normal downstream regulators are involuntarily recruited to contribute to aberrant gene expression programs in cancer. For example, in a recent study, a recurrent driver mutation named EGFRvIII---which encodes a truncated, constitutively active epidermal growth factor receptor (EGFR)---was shown to activate and repress thousands of enhancer-associated genes involved in glioblastoma development.^[@CR22]^ This EGFRvIII-dependent reprogramming of the epigenetic landscape is, inlarge part, due to the ability of this oncogene to activate the expression of two TFs, SOX9 and FOXG1. Similar roles of oncogenes in remodeling the cancer epigenome has also been studied in other cancers such as chronic lymphocytic leukemia^[@CR23]^ and Ewing sarcoma.^[@CR24]^

The signatures of the cancer epigenome {#Sec4}
======================================

Key to the recent explosive growth in the field of genomics is the development of high-throughput sequencing-based methods that allow global identification of patterns that correlate with transcriptional activities. These methods include those mapping the binding of TFs (TF ChIP-seq), methylation of DNA (bisulfite-seq), covalent modification of histones (histone mark ChIP-seq), and accessible regions of chromatin (DNase-seq and ATAC-seq).^[@CR16]^ The high-throughput capacity of these methods have enabled systematical characterization of major CREs---i.e., enhancers, promoters, and insulators---in the genome, because the function and location of these elements are positively correlated with these features of the epigenome.

Given the specific functional linkage between enhancers, promoters and genes, genome-wide characterization of CREs has recently emerged as an entry point to investigate gene regulatory programs specific to different cancer cell types. For example, the finding of focal amplification of two enhancers differentially active in lung adenocarcinoma and endometrial carcinoma provided the telltales of distinct regulatory mechanism of *c-MYC* overexpression in these two types of cancers.^[@CR25]^ Moreover, from a global map of active enhancers and promoters in a cell, the upstream *trans*-regulators can then be deduced from the TF-binding motifs enriched in these CREs. In this way, the epigenetic signature of CREs can be exploited to decode the gene regulatory mechanisms in cancer. Recently, this strategy has served as the basis for the study of transcriptional programs underlying the tumorigenecity of glioblastoma,^[@CR22],\ [@CR26]^ as well as in the study of the subgroup-specific cellular origins of medulloblastoma.^[@CR27]^

Targeting the cancer epigenome {#Sec5}
==============================

The fundamental requirement for developing targeted cancer therapy is that the drug target is both necessary and sufficient to drive cancer cell proliferation and survival. However, many cancers appear to have an uncanny ability to escape the reliance on individual oncogenes. In some cases, this is because pre-existing and acquired mutations change the drug target site.^[@CR28]^ In others, drug resistance is due to many levels of redundancy among oncogenes and/or feedback loops that compensate for the loss of the product of a particular oncogene, which generally fall in the category of reprogramming of the molecular interaction networks in the cancer cell.^[@CR29]^

To overcome the resistance against drugs targeting the oncogenic pathways in the cell membrane and cytoplasm, an alternative is to target gene regulatory molecules in the nucleus. Oncogenic TFs were among the earliest cancer "drivers" cloned in the 1980s. Yet TF proteins are notoriously "undruggable" by small molecules, largely due to the relatively large size of the domains of DNA binding and transcription activation in each TF. At present, only a small number of approaches are underway to identify new compounds to target TFs whose activities require them to directly interact with other proteins.^[@CR30],\ [@CR31]^ On the other hand, compounds have been recently developed that target epigenetic chromatin structure modulators. For example, two histone deacetylase inhibitors---vorinostat (suberoylanilide hydroxamic acid) and romidepsin (depsipeptide)---were approved in 2010 by the US FDA for the treatment of relapsed cutaneous T-cell lymphoma.^[@CR32]^ At about the same time, two small molecules, JQ1 and I-BET, were found to selectively inhibit the histone-binding activity of members of the bromodomain and extra-terminal (BET) family (BRD2, BRD3, BRD4 and BRDT), which are critical components of a transcription cofactor complex that binds to acetylated lysines of histones at enhancer loci.^[@CR33],\ [@CR34]^ Both JQ1 and I-BET are potent repressors of transcription and both exhibit strong anti-tumor activities in cancers that appear to be "addicted" to elevated transcriptional activities, including AML,^[@CR35],\ [@CR36]^ T-ALL,^[@CR37]^ mixed lineage leukemia, diffusive large B cell lymphoma,^[@CR38]^ glioblastoma,^[@CR22]^ medulloblastoma,^[@CR39]^ and KRAS-mutant non-small-cell lung cancer.^[@CR40]^ Another compound named THZ1, a covalent inhibitor of cyclin-dependent kinase CDK7, was found to effectively suppresses gene promoters and exhibited potent anti-cancer effect in T-ALL,^[@CR41]^ MYC-N-amplified neuroblastoma,^[@CR42]^ small-cell-lung cancer,^[@CR43]^ and triple-negative breast cancer.^[@CR44]^ Finally, GSKJ4, an ethyl ester derivative of the H3K27 demethylase inhibitor GSKJ1, decreases histone H3K27 demethylase JMJD3 and thus increases cellular H3K27 methylation.^[@CR45]^ This reversion of K27 methylation level appeared to alleviate the change of transcriptional activities in K27M mutant tumors, and in doing so abolishes the tumorigenic capacity of in H3K27M pediatric brainstem glioma cells and T-ALL.^[@CR45],\ [@CR46]^ These novel anti-cancer drugs targeting chromatin modulators thus mark the dawn of a new era of "epigenetic therapy".^[@CR47],\ [@CR48]^

Future outlook {#Sec6}
==============

The success of targeted cancer therapy in CML and the available cancer genome databases introduced a tremendous amount of optimism for the development of precision cancer therapies. In conjunction with recent efforts to delineate the epigenetic landscape of the cancer genome,^[@CR8],\ [@CR16]^ the impact of mutations on the function of the cancer genome can be studied in more depth. It is anticipated that, in the following decade, not only the potency but also the specificity of these new generation anti-cancer drugs will be scrutinized in detail. With further refinement, these drugs may finally bring the study of genetic and epigenetic mechanisms of gene regulation into fruition in the clinic.

Looking ahead, three pressing challenges need to be confronted before realizing the potential of cancer genome studies. First, tumors are generally composed of mixed populations of cells, as a result of elevated mutation rates in cancer cells (because of aberrant DNA damage repair mechanisms), tumor compositions that include both cancer cells and neighboring normal cells, and the asynchronous (de)differentiation of tumor cells. To distinguish specific drug targets in each population, it is necessary to extend cancer genomic analyses to the level of studying single cancer cells in each tumor.^[@CR49],\ [@CR50]^ Second, due to the lack of patient samples for experimentation, comprehensive epigenomic profiling of cancers has not been widely used to study cancers thus far. In the future, new protocols that require only small numbers of cells need to be developed to simultaneously study the cancer genome and epigenome. Speed and cost-effectiveness of these methods will also be critical for their application in clinical settings to aid cancer diagnoses and treatment efficacy evaluations. Finally, further studies are required to assess the specificity and efficacy of the drugs targeting the epigenome. As precision oncology approaches become a standard part of the care of cancer patients, one can envision a future in which DNA sequencing, transcriptional and epigenetic profiling are used to develop precise therapies, including combinations, most likely to suppress disease based on that individual's tumor composition.
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